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Abstract: This paper presents the sustainability implications of installing biogas trapping systems
in palm oil mills of a crude palm oil production supply chains in Malaysia. The study evaluates
the impact of this mitigation strategy on the existing supply chains published by Lim and Biswas.
The experience of a local palm oil mill installed with the KUBOTA biogas trapping system was
incorporated into a typical 60 metric tonne per hour palm oil mill for effluent treatment. This allowed
us to assess the changes in sustainability performance of the whole crude palm oil supply chain
using the Palm Oil Sustainability Assessment (POSA) framework. Installing the biogas trapping
system increased waste recycling and reuse percentage of the mill from 81.81% to 99.99% and the
energy ratio (energy output/fossil fuel and biomass energy input) from 2.45 to 2.56; and reduced
the Greenhouse Gas emission of the supply chain from 0.814 tonne CO2eq to 0.196 tonne CO2eq per
tonne of Crude Palm Oil. This system could also potentially increase the mill’s annual revenue by
2.3%, while sacrificing the sustainability performance of other economic indicators (i.e., a further 3%
negative deviation of actual growth rate from sustainable growth rate). Overall, sustainability score
of the supply chain improved from 3.47/5 to 3.59/5 on the 5-level-Likert-scale due to environmental
improvement strategy consideration. Finally, this paper shows that the POSA framework is capable
of capturing changes in the sustainability performance of triple bottom line indicators associated
with the use or incorporation of any improvement strategy in the crude palm oil supply chain.
Keywords: palm oil; sustainability; biogas trapping; POME; cleaner production
1. Introduction
The full-fledged production of palm oil in Malaysia began in the 1980s. It has since become one
of the most important sectors in the country’s economic development. Whilst the industry creates
job opportunities, enriches businesses (small, medium, and large), empowers local smallholders,
and revives small and rural townships [1,2], it has significantly changed the country’s landscape, by
replacing forests and farmland with a large-scale monoculture plantation [3,4]. The lack of or absence
of consultation and dialogue between producers and the local people has resulted in social conflicts [5].
Palm oil production has recently received worldwide criticism due to its increased environmental
footprint at different stages of the supply chain. Apart from the ‘devastating impacts’ [6] on forests and
species, another major environmental impact is greenhouse gas (GHG) emissions from the application
of considerable amounts of synthetic fertilizer, and aerobic digestion of large volumes of palm oil mill
effluent (POME) [7,8]
POME is waste water produced from the crude palm oil production process. Raw POME has low
pH (4–5), a high temperature 60 ◦C–70 ◦C, a high Biochemical Oxygen Demand (BOD) of ~32,000 mg/L,
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a high Chemical Oxygen Demand (COD) of ~62,000 mg/L, suspended solids of 5000–54,000 mg/L,
and total nitrogen of 600–1000 mg/L [9,10], compared to the acceptable limit set by the Malaysian
Department of Environment (DOE). For every processed tonne of fresh fruit bunches (FFB), 0.7–1.0 m3
of raw POME is generated [11]. Hence, a typical 60 MT/hr palm oil mill would generate about
300,000 m3 POME waste per year, resulting an annual GHG emission of 37,000–52,000 tonnes of CO2eq.
Madaki and Lau [12] described POME as ‘the most expensive and difficult waste to manage’
due to handling, storage, and treatment reasons. In order to meet the Department of Environment
(DOE) water quality standards, more than 85% of palm oil mills use ponding systems (Ponding
system employs biological methods, e.g., waste stabilization lagoons and oxidation (aerobic, anaerobic,
facultative, maturation) ponds for wastewaters treatment. It is also used as sedimentation ponds for
sludge or suspended solid settlement [13]) to treat raw POME [13,14] before it is discharged to water
bodies. Whilst this ponding system is the most conventional and relatively cheaper treatment option,
it has a large land footprint (about 5 hectares for a 60 MT/hr mill) and carbon footprint (i.e., 33.6 m3 of
methane per tonne of crude palm oil production through aerobic digestion) [15]. Methane is 28 times
more powerful than carbon dioxide to produce global warming impact [16]. This open-space treatment
also causes public nuisance as POME releases intolerable odor into the surrounding community.
To reduce the aforementioned environmental impacts associated with conventional POME
treatments, the Malaysian Palm Oil Board (MPOB) has introduced new regulations that came into
effect in January 2014. According to this regulation, all new palm oil mills, and existing mills that had
already applied to throughput expansion, must include a ‘full biogas trapping or methane avoidance
facilities’ [17], i.e., biogas digester (i.e., an anaerobic digestion process where methane is generated
in the absence of oxygen) in the plant’s design. The regulation also requires the mills that were built
before January 2014 to upgrade with ‘full biogas trapping or methane avoidance facilities’ by 2020.
Non-compliance with the regulation would risk the business losing its license to operate the mill [18].
This regulation has in fact increased the investment cost for mill owners. It is difficult to offset this
incremental cost as the downstream supply chain of biogas markets is lacking [19].
Despite the resistance from stakeholders in the palm oil supply chain, the Malaysian government
had introduced this new regulation to reduce the environmental impact of palm oil production.
The enforcement of full biogas trapping, or methane avoidance facilities, in palm oil industries is in
fact one of the eight Entry Point Projects under National Key Economic Area, with an aim to improve
the sustainability performance in the palm oil sector [17].
Recent research carried out overseas showed that biogas capture from POME could deliver
significant environmental benefits. Stichnothe and Schuchardt [20] carried out a life cycle assessment
(LCA) to compare four types of palm oil waste management practices, including dumping Empty Fruit
Bunches (EFB) and storing POME in ponding systems; using EFB in palm oil plantation and POME
in ponding system; using EFB and POME for co-composting for plantation; and biogas generation
from POME. The results indicated that GHG emissions from palm oil mill waste can be significantly
reduced by 98% via converting methane to biogas. Besides, Nasution, et al. [21] compared open lagoon
POME treatment with combinations of open lagoon technology (COLT) consisting of composting
and COLT-Biogas systems in Indonesia. The study found that by replacing the open lagoon POME
treatment with the COLT system could reduce GHG emissions by 357.18 kg CO2eq. These results agree
with findings in other studies [22,23], where the biogas trapping system as a POME waste treatment
solution were found to significantly reduce overall GHG emissions of crude palm oil supply chains.
These studies, however, mainly used life cycle assessment to estimate the GHG saving potential of
biogas plants in palm oil supply chains, therefore, there exists a gap in terms of assessing other critical
environmental indicators as well as economic and societal impacts. Besides, system boundaries of
these studies are limited to processes during the production stage in palm oil mills, and they do not
consider other stages in the entire supply chain, i.e., nursery and plantation stages.
The authors of this paper, Lim and Biswas, recently developed a POSA framework specifically
for holistic sustainability assessment of crude palm oil production throughout its supply chain [24,25].
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This framework was subsequently applied to assess the environmental, economic, and social
sustainability implications of the most common crude palm oil supply chain of 60 MT/hr located in
the Borneo Island of Malaysia [26]. They found that the overall sustainability performance of this palm
oil supply chain is 1.53 points below the sustainability threshold (i.e., 3.47/5), because improvements
are required in terms of GHG emissions reduction, smallholder equity enhancement, biomass waste
recycling and recovery, plantation practice, as well as average wages and local employment [26].
Opportunities could exist for improving some of these indicators by complying with the government’s
new regulation for biogas digester installation in palm oil mills. The palm oil mill in this supply chain
did not have a biogas trapping system. Thus, study’s challenge was to find out the sustainability
implications of incorporating a biogas trapping system into this existing crude palm oil supply chain.
This allowed us to investigate the flexibility of the POSA framework in assessing changes to the supply
chain when mitigation strategies are implemented.
Thus, this paper intends to evaluate:
1. The environmental, economic, and social sustainability performance of incorporating a biogas
trapping system into a typical crude palm oil supply chain.
2. The level of improvement it would bring to the overall sustainability performance of crude palm
oil production in Malaysia.
3. The flexibility of the POSA framework [25] in responding the changes in technology and strategies
in the supply chain.
2. Methodology
This research used the POSA framework to assess sustainability implications of incorporating
a biogas trapping system into the palm oil mill of a crude palm oil supply chain. A previous study
conducted by the authors Lim and Biswas [26], on the most common 60MT/hr crude palm oil supply
chain in Borneo Island of Malaysia, was used as a baseline for comparison. The current paper utilized
raw or primary data of this 60MT/hr crude palm oil supply chain, as this research is a follow up
investigation into previously published work [26].
Secondly, a KUBOTA biogas cum polishing plant (BGPP) was considered for incorporation as
an improvement strategy. Accordingly, site-specific data was collected from this BGPP to investigate
changes in crude palm oil supply chain sustainability performance associated with the installation of a
similar BGPP in the 60 MT/hr palm oil mill. Primary data were collected from BGPP by obtaining
site operational data records, interviewing stakeholders in the supply chain, and conducting surveys
with local people to gather their collective feedback. Primary data were compiled and processed to
determine performance measures of the environmental, economic, and social sustainability objectives
of the POSA framework.
Figure 1 shows the systems boundary of a baseline crude palm oil supply chain consisting of
input and output data, in order to calculate triple bottom line indicators and to show the interaction
between stakeholders across this supply chain. In the comparative study, KUBOTA BGPP replaced the
POME pond (Figure 2).
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Thirdly, the ranking value of each Performance Measures (PM), Key Performance Indicator (KPI),
Higher Performance Indicator (HPI), and overall sustainability of the supply chain with the biogas
trapping system were assessed using the POSA framework [24,25,27]. Each PM was ranked on a
1–5 Likert scale, according to the pre-defined ranking criteria, where level 5 is the sustainability
threshold. The sustainability gap referred to the difference between threshold value of sustainability
(5) and the rank of the corresponding indicator (i.e., between 1–5), based on the quantitative site data
or feedback given by the respondents in the supply chain. Each PM had a distributed weighting factor
determined by the stakeholders through collective feedback on its level of importance according to
Lim and Biswas [25]. The ranking value of PMs under a KPI was aggregated into the score of this KPI,
and the score of KPIs under a HPI was aggregated into the score of this HPI. The overall sustainability
score for the supply chain was the aggregated value of HPI scores under environment, economic, and
social objectives. Lastly, the triple bottom line indicators of both crude palm oil supply chains, with
and without a BGPP, were compared to assess the level of improvement in sustainability performance.
3. Review of the Baseline Crude Palm Oil Supply Chain
Inventory of the baseline crude palm oil supply chain by Lim and Biswas [26] was reviewed and
revised (Figure 1). Most assumptions made in the previous study were retained except for a few, which
were slightly revised to improve accuracy of the results as follows:
i. For every tonne of FFB processed, 0.7–1.0 m3 of raw POME is generated [11]; in this study
0.8 m3 POME per tonne FFB was used.
ii. Density of POME is 0.876 tonne/m3 [28] (assumptions i and ii were used to calculate the amount
of POME generated in this study, i.e., 0.7008 tonne of POME per tonne of FFB processed. In Lim
and Biswas [26], one tonne of POME is assumed to be generated from every tonne of FFB
processed, which was a less conservative estimate)
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iii. Five tonnes of water are consumed for every tonne of CPO produced, and more than 50% of
water consumed is discharged as POME [29,30] (assumption iii considers water loss along the
palm oil mill processes, i.e., leakages, steam release, vents, etc. in addition to water discharged
as POME for total water consumption. Lim and Biswas [26] did not consider this water loss
throughout the milling process in calculating the water consumption)
4. The KUBOTA Biogas and Polishing Plant
The KUBOTA BGPP consisting of Anaerobic Membrane Bioreactor (AnMBR) and Polishing Plant
with Membrane Bioreactor (MBR) that are considered in this case study are shown in Figures 2 and 3.Sustainability 2019, 11, x FOR PEER REVIEW 7 of 20 
 200 
Figure 3. The biogas plant, polishing plant, the neighboring brick factory, and sludge pond in 201 
Sarawak, Malaysia (clockwise from top left corner). 202 
5. Sustainability Implications of Incorporating a Biogas Plant 203 
Sustainability implications of incorporating a biogas trapping system into the crude palm oil 204 
supply chain was assessed using the POSA framework. Table 1 shows the data on the sustainability 205 
performance measures of crude palm oil supply chains with and without the biogas trapping system. 206 
Table 1. Comparing performance measures of supply chain with and without the biogas trapping 207 
system. 208 
Sust. 
Obj. 
Headline 
Performance 
Indicator 
(HPI)* 
Key Performance 
Indicator (KPI)* Performance Measures (PM)* 
PM values 
without 
biogas 
trapping 
PM values 
with Biogas 
trapping 
Env. 1 
Natural 
Capital 
Conservatio
n 
1.1 Climate Change 1.1.1 
GHG Emission (kgCO2eq 
per tonne CPO) 0.814 0.196 
1.2 
Air, Water and 
Soil Quality 
1.2.1 NOx emission intensity 
from palm oil mill 
0 0 
1.2.2 
Biological Oxygen Demand 
of water 
discharged from POME 
pond 
22.25 17 
1.2.3 
Soil Nitrate Level measured 
through pH in 
waterway 
92 92 
1.3 
Waste 
Generation 1.3.1 
% biomass waste 
recovery/recycling 81.809% ≈100% 
1.4 Biodiversity 1.4.1 
Plantation Practice (Number 
of best practices met) 3.5/6 3.5/6 
Figure 3. The biogas plant, polishing plant, the neighboring brick factory, and sludge pond in Sarawak,
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The biogas plant used raw POME from palm oil mills as slurry to produce biogas at the rate of 30
Nm3 per tonne of POME. The methane content of biogas generated from POME is 62.55% [9]. This
biogas was sold to the neighboring brick factory, which is excluded from the system boun ary of this
st dy due to the fact that the bio as was regenerated from waste, and the combustion of biogas or the
technology considered at a brick factory is not an outcome of the crude palm oil production process.
In addition, capital equipment are usually excluded in life cycle assessment [31].
Permeate/digested slurry from the biogas plant is further treated in the polishing plant before
the waste water (final discharge) is released to the river. This system was designed to achieve a
BOD effluent of <20 mg/L, total nitrogen <100 mg/L, suspended solid <10 mg/L, and temperature
<45 ◦C [10], which complies with DOE’s requirements.
Digested slurry from the biogas and polishing plants is discharged to the sludge pond, where the
dewatering process takes place to produce a solid decanter that could be used as fertilizer in palm oil
plantations. Filtrate/supernatant liquid from the sludge ponds is returned to the polishing plant for
further treatment.
The use of this biogas trapping plant with a conventional open ponding system significantly
reduces the amount of land from 5 hectares to 1.5 hectares for waste management purposes [32],
associated with the release of an unpleasant odor. The BGPP uses membrane processes, which require
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minimum maintenance such as periodic cleaning and servicing. These processes are fully automated,
as it only requires a few operators that could be sourced locally.
Apart from the aforementioned field information, following technical assumptions were
considered when determining PMs under the POSA framework.
i. Since the amount of sludge produced from the anaerobic process varies between 5% and 10%
of treated POME [11], an average of 7.5% was considered.
ii. Solid decanter cake from the sludge pond was assumed to be 4% of POME mass [30].
iii. Density of biogas is 1.15 kg/Nm3 [33].
5. Sustainability Implications of Incorporating a Biogas Plant
Sustainability implications of incorporating a biogas trapping system into the crude palm oil
supply chain was assessed using the POSA framework. Table 1 shows the data on the sustainability
performance measures of crude palm oil supply chains with and without the biogas trapping system.
Table 1. Comparing performance measures of supply chain with and without the biogas
trapping system.
Sust.
Obj.
Headline Performance
Indicator (HPI) *
Key Performance
Indicator (KPI) * Performance Measures (PM) *
PM Values
without
Biogas
Trapping
PM Values
with Biogas
Trapping
Env. 1 Natural CapitalConservation
1.1 Climate Change 1.1.1 GHG Emission (kgCO2eqper tonne CPO) 0.814 0.196
1.2
Air, Water and
Soil Quality
1.2.1 NOx emission intensityfrom palm oil mill 0 0
1.2.2
Biological Oxygen
Demand of water
discharged from POME
pond
22.25 17
1.2.3
Soil Nitrate Level
measured through pH in
waterway
92 92
1.3 WasteGeneration 1.3.1
% biomass waste
recovery/recycling 81.809% ≈100%
1.4 Biodiversity
1.4.1
Plantation Practice
(Number of best
practices met)
3.5/6 3.5/6
1.4.2 Land Use
Planted on
formal
agricultural
land
Planted on
formal
agricultural
land
1.4.3 Species loss
12% voted 1,
5% voted 2,
39% voted 3,
34% voted 4,
10% voted 5
12% voted 1,
5% voted 2,
39% voted 3,
34% voted 4,
10% voted 5
1.5 ResourcesConsumption 1.5.1
Energy (Fossil fuel and
biomass) consumption
intensity (Output/Input
energy ratio)
2.45 2.56
Eco.
2
Business
Continuity and
Resiliency
2.1
Productivity
efficiency
2.1.1 Plantation yield (tonneFFB/hectare) 25.55 25.55
2.1.2
Mill production efficiency
(tonne CPO per
tonne FFB)
0.2196 0.2196
2.2 BusinessContinuity 2.2.1
Actual Growth Rate
(deviation from
sustainable growth rate)
−4% −7%
3
Sharing of
Economic
Power
3.1 Relative Poverty 3.1.1
Average annual income
per worker (% of national
average income)
26.95 26.95
3.2
Local
community
inclusion and
distribution of
wealth
3.2.1
Employment opportunity
for the local (% of local
employment)
31.33 31.33
3.2.2 Smallholders’ equity 10% 10%
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Table 1. Cont.
Sust.
Obj.
Headline Performance
Indicator (HPI) *
Key Performance
Indicator (KPI) * Performance Measures (PM) *
PM Values
without
Biogas
Trapping
PM Values
with Biogas
Trapping
Soc.
4 Social Wellbeing 4.1
Meeting
Essential
Human Needs
4.1.1 Workers’ accessibility towater supply 100% 100%
4.1.2 Workers’ accessibility tohealth care 100% 100%
4.1.3 Provision of sanitationfacilities to workers 100% 100%
4.1.4 Provision of housingfacilities to workers 100% 100%
5 Social Equity 5.1
Local
community
empowerment
and engagement
5.1.1 Sharing of informationwith the local community
32% voted 1,
10% voted 2,
36% voted 3,
22% voted 4,
0% voted 5
32% voted 1,
10% voted 2,
36% voted 3,
22% voted 4,
0% voted 5
5.1.2
Fair Partnership and
Community involvement
in decision making
19% voted 1,
20% voted 2,
29% voted 3,
27% voted 4,
5% voted 5
19% voted 1,
20% voted 2,
29% voted 3,
27% voted 4,
5% voted 5
5.1.3
Level of community
acceptance to plantation
and mill activities
85%
agreement
85%
agreement
* These HPIs, KPIs and PMs sourced from authors’ papers on POSA framework [26]. Shaded in grey are PMs
affected by the introduction of the biogas trapping system. ** It is worth mentioning that an LCA approach that
follows ISO14040-44 [34,35], was only used to measure the carbon footprint/life cycle GHG emissions as the
estimation of this indicator requires all upstream and downstream data.
5.1. Environmental Sustainability Performance Measures
Out of nine PMs under the environmental objectives, four PMs, i.e., PM1.1.1—GHG Emission;
PM1.2.2—biological oxygen demand of water discharged from POME pond; PM 1.3.1—percentage of
biomass waste recovered or recycled; and PM 1.5.2—Energy (fossil fuel and biomass) consumption
intensity (output/Input energy ratio) were improved due to the incorporation of a BGPP.
PM1.1.1—GHG Emission—in the case of baseline crude palm oil supply chain without the biogas
trapping system, an estimated 208,352 tonnes of POME were generated due to the production of
65,277 tonnes of CPO per year. The discharge of this POME to existing open ponding systems releases
~1439 tonnes of methane gas (i.e., 40,287 tonnes CO2eq [16]) per year, accounting for ~76% of the
supply chain GHG emissions (Table 2).
Table 2. GHG emissions from crude palm oil supply chains with and without a biogas trapping facility.
Source of Emission
GHG Emission (kgCO2eq)
Without Biogas Trapping With Biogas Trapping
Smallholder FFB 1.47 × 106 2.77% 1.47 × 106 11.48%
Large Plantation FFB 9.82 × 106 18.49% 9.82 × 106 76.55%
Water 1.23 × 102 0.00% 1.23 × 102 0.00%
Fossil Fuel consumed by mill 1.50 × 106 2.83% 1.50 × 106 11.73%
Methane from POME 4.03 × 107 75.86% N/A N/A
Chemical for Water Treatment Plant 2.45 × 104 0.05% 2.45 × 104 0.19%
Chemical for biogas/polishing plant N/A N/A 6.21 × 103 0.05%
Total 5.31× 107 100.00% 1.28× 107 100.00%
FFB production was the second largest emitter of GHG after POME. It was found that large
plantations that contribute to 90% equity emitted less GHG for FFB production (i.e., 36.7 kgCO2eq)
than the smallholders’ plantations that contributed to 10% of the equity in the supply chain (i.e.,
49.55 kgCO2eq), due to the use of efficient machinery, and fertilizer management practices [36].
In addition, large plantations have skilled manpower and management systems to optimize its
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operation. This research estimated that the incorporation of a BGPP into the palm oil mill of supply
chains could significantly reduce GHG emissions by 75.9% mainly due to the complete elimination of
methane from POME. There was, however, a release of negligible amounts of GHG (i.e., 0.05% of total
emission) from this plant due to the use of chemicals in membrane cleaning processes in BGPP.
PM1.2.2—biological oxygen demand of water discharged from POME ponds—the POME
treatment, using conventional ponding system, in the current analysis met the DOE’s requirement for
BOD of waste water discharge <100 mg/L. This was because the BGPP system could further reduce
the BOD to a level below 20 mg/L. However, the use of this open ponding system during the time of
flood is risky, as POME could overflow and pollute fresh water in surrounding areas. Since POME
is enclosed in the biogas trapping plant, it eliminates the risks associated with water and ground
pollution in the event of a flood.
PM 1.3.1—percentage of biomass waste recovered or recycled—biomass waste generated from
the mill is equal to the mass of FFB minus the mass of main products, i.e., crude palm oil and palm
kernel. Biomass waste, in the form of EFB and mesocarp fiber, contains useful materials and energy
that could be recovered. The recovery processes in the existing system of palm oil mill use most of
these biomass wastes (82%) for palm kernel shell, bio-fertilizer production, and energy generation.
Part of this biomass waste is used as fuel in the boiler to generate steam for the milling process. The ash
generated due to combustion of this waste for energy generation was purchased by the neighboring
cement factory for its use as a partial replacement of cement in concrete [37]. This ash was also used as
a substitute for potassium organic fertilizer [38]. The rate of recovery or recycling of biomass waste
(i.e., PM 1.3.1) could increase due to the introduction of this biogas trapping system.
Of the biomass waste (i.e., 39,878 tonnes per year) generated from the palm oil mill in the existing
supply chain, 18% is unrecoverable and is discharged in the form of POME. The installation of a biogas
trapping plant in the system converts this unused biomass waste that exists in POME into methane for
energy generation. Figure 4 shows that the biomass waste recovery in palm oil mills increased from
82% to 99.99% due to the use of the biogas trapping system. Only a small portion of biomass waste
was unrecovered in this new system, which is the suspended solid in the final discharge/effluent
(i.e., about 0.001% of the final discharge, <10 mg/L).
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through a complex pipe network to meet the energy demands of downstream customers in isolated
locations, where these palm oil mills are located.
PM 1.5.2—energy (fossil fuel and biomass) consumption intensity (output/input energy ratio)
—the biogas trapping system traps 3,909,732 m3 methane gas per year for a 60 MT/hr mill, which is
equivalent to 145 TJ of energy. This increases the total energy output from the crude palm oil supply
chain by 4.6%. Therefore, PM 1.5.2, which is measured in terms of output/input energy ratio increased
from 2.45 to 2.56. Although the energy output/input ratio is low (rank at level 1/5), it is worth noting
that 96.9% of the energy input to the supply chain that mainly generates steam in the milling process,
comes from biomass waste recovered from the supply chain. This conserves 7233 tonnes equivalent
of coal (assuming coal heating value of 20 MJ/kg) for the future generation and thereby, enhances
intergenerational social equity. Fossil fuel consumption for machinery at nurseries and plantations, for
transportation and diesel generators at palm oil mills amounted to 3.1% of the total energy input of
the supply chain. In this case, fossil fuel consumption remained unchanged with the introduction of
BGPP, as the biogas produced was considered to be sold to the neighbor brick factory through an
industrial symbiotic process.
5.2. Economic Sustainability Performance Measures
BGPP instillation requires a capital investment of USD 2.9 million (RM11.6 million) and an
operational expenditure of USD 0.12 million (RM 0.48 million) per year, for an investment period of
16 years [39]. Biogas supply to the neighboring plant could increase the mill’s annual revenue by RM
4.52 million (consider RM 33 per MMBtu [40]) by selling this to the neighboring brick factory. Hence,
the profit was estimated to be RM 4.04 million per year with a payback period of 2.87 years (Assuming
1USD = RM4).
PM2.2.1—deviation of actual growth rate (AGR) from sustainability growth rate (SGR) evaluates
if the palm oil mill’s growth is healthy for long term business continuity and resiliency. Growing
too fast (i.e., a positive deviation) or too slow (i.e., a negative deviation) are both not economically
sustainable for the business [41,42]. A positive deviation of AGR from SGR means that the business
cannot be sustained without additional borrowing, and a negative deviation means the business is
underperforming considering the assets and cash it has in hand.
The additional investment on this environmental mitigation strategy increased the profit and
revenue but also increased the value of assets and debts. Table 3 compares the financial status of the
palm oil mill before and after one year of BGPP investment. The introduction of BGPP increased the
sustainable growth rate of the palm oil mill, i.e., the maximum growth rate that the mill can sustain
without having to increase financial leverage from 10% to 16% due to the higher return on equity and
business retention rate. AGR of the palm oil mill increased from 6% to 9% due to the higher recent
sale figures, with additional revenue generated from selling the biogas. An increase in growth due to
the introduction of BGPP seems to have a positive impact on the supply chain, but it leads to a larger
deviation of actual growth rate from sustainable growth rate of −4% to −7%, hence causing a negative
economic impact to PM 2.2.1.
This deviation could be narrowed by reducing SGR through the productive use of excess cash,
e.g., increasing dividends of shareholders or reducing business debt levels [42]. Alternatively, AGR
can be increased by increasing sales, through processing more FFB into CPO, palm kernel, and other
by-products with existing facilities.
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Table 3. Comparing financial status before and after BGPP investment.
ID Description Formula Unit Without BGPP With BGPP
a. Sales figure from startingpoint RM 11,547,410 11,547,410
b. Most recent sales figure RM 12,199,346 12,576,410
c. Total Sales throughout theyear RM 177,959,338 182,484,110
d. Total Assets at year end RM 70,737,661 82,337,661
e. Dividend RM 4,282,930 5,569,167
f. Net Income RM 9,392,273. 13,437,045
g. Total Debt at year end RM 40,123,436 51,723,436
h. Total Assets at year end RM 70,737,661 82,337,661
i. Asset Utilization Rate c/d % 252% 222%
j. Profitability Rate f/c % 5% 7%
k. Financial Utilization Rate g/l % 131% 169%
l. Total Equity h - g RM 30,614,225 30,614,225
m. Return on Equity I* j* k 0.17 0.28
n. Dividend Rate e/f % 45.60% 41.45%
o. Business Retention Rate 1 - n % 54.40% 58.55%
p. Sustainable Growth Rate m * o % 10% 16%
q. Actual Growth Rate (b - a)/a % 6% 9%
r.
Actual Growth Rate
deviation from Sustainable
Growth Rate
q - p % −4% −7%
Figures 5–7 illustrate the sensitiveness of total debt reductions, increased dividend, and increased
production (hence increase sales and net income) to SGR, AGR, and the deviation of AGR from SGR.
AGR will remain constant, and SGR will be reduced if the total debts are cut down. The calculation
shows that reducing total debts up to 23% of current debt levels would bring down the deviation of
AGR from SGR to zero provided all other parameters (e.g., dividend) remain the same. SGR will also
be reduced with smaller impact, if the dividend paid to shareholders is increased (Figure 6). A more
effective way to reduce the difference between AGR and SGR, is by increasing sales and net income
through increased production. Figure 7 shows that increasing both sales and net income by 9% would
reduce the difference between AGR and SGR to zero.
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The economic PMs including PM2.1.1—plantation yield (tonne FFB/hectare); and PM2.1.2—mill
production efficiency (tonne CPO per tonne FFB), do not seem to be affected by the introduction
of a biogas trapping system. This is because the BGPP only processes POME waste and does not
affect plantation activities and other crude palm oil extraction processes at the palm oil mill. The
revenue, profit, and cash flow have increased, but this extra earning neither directly benefitted the
workers nor the local community, probably due to consideration of other higher priority areas such as
debts reduction as the business had increased the capital investment through extra bank financing.
Hence, PM3.1.1, i.e., av rage annual income per worker, which is the percentage f national average
income, and PM3.2.2 (i.e., smallholders’ equity) remain unchanged. The BGPP requ res minimum
human involvement during operation whil the periodic maintenance task could be performed by the
existing m npower n th palm oil mill. Hence, the number of j b opp rtunities for the local pe ple
(i.e., PM3.2.1 or employment opportunity for the locals) remains the same.
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5.3. Social Sustainability Performance Measures
Table 1 shows that the introduction of a biogas trapping system does not have an immediate
and direct effect on the social sustainability performance measures. In both supply chain scenarios,
with and without a biogas trapping system, the HPI of social wellbeing was achieved by fulfilling
the essential needs, including water supply, healthcare, sanitation facilities, and housing facilities for
workers (PM 4.1.1–4.1.4). The supply chain practiced the same administrative strategies on workers’
welfare, regardless of whether a biogas trapping system is installed or not.
HPI of social equity (i.e., local community empowerment and engagement), which is attained
by sharing information with the local community (PM5.1.1) and by offering fair partnership and
community involvement in decision making (PM5.1.2), were not impacted by the biogas trapping
system. This is because the incorporation of the BGPP does not affect the local community in terms of
land accusation, pollution creation, and businesses, and so the consultation was not deemed necessary.
This was mainly driven by governing policies but not by community pressure.
This new development can potentially improve the level of community acceptance to plantation
and mill activities (PM 5.1.3), as the conversion of POME to biogas can reduce the unpleasant odor
produced by the open POME pond. It should be notable that the Department of Environment in
Malaysia receives ~1,082 complaints each year about odor pollution and this accounts for 2.4% of
the cases lodged/filed each year, and is ranked sixth as the major sources of odor pollution in the
country [43]. However, improvements on the level of community acceptance cannot be observed
immediately as it takes time for stakeholders to observe the system’s implications.
5.4. The Overall Sustainability Assessment
Sustainability assessment results of crude palm oil supply chains, with and without a biogas
trapping system, were determined using the POSA framework. Ranks of PMs were determined by
comparing the data of PMs against the ranking criteria, while scores for KPIs, HPIs, sustainability
objectives, and overall sustainability were calculated using formulae developed by Lim and Biswas [25].
For comparison purposes, rank value of PMs and score for KPIs, HPIs, sustainability objectives, and
overall sustainability of the existing supply chain (i.e., without a biogas trapping system) were included
in italic within brackets (Table 4).
The overall sustainability score improved from 3.47 to 3.59 out of 5, due to the incorporation of a
biogas trapping system. Most of the improvements took place from an environmental perspective. The
HPI score of Natural Capital Conservation in the baseline supply chain increased from 2.94 out of 5 to
3.54 out of 5 due to this improvement strategy. KPI 1.1—climate change—was significantly improved
due to higher performance of its PM 1.1.1—GHG emissions (76% reduction in GHG emission). This
had in fact reduced the gap between the rank and the sustainability threshold of this PM from 3 to 1.
Similarly, the gap for KPI 1.3—waste generation was reduced from 1 to 0 by improving the recovery of
biomass waste by 17% (i.e., PM 1.3.1—percentage of biomass waste recovered/recycled).
The incorporation of biogas plant in the supply chain was found to increase the deviation of actual
growth rate from sustainability growth rate by −3%, hence the ranking of its PM 2.2.1—actual growth
rate—dropped from 4 out of 5 to 3 out of 5. This has been reflected on the score for KPI 2.2—business
continuity—HPI 2 of business continuity, and resiliency of the overall economic sustainability objective.
There were no changes in the scores of PMs, KPIs, HPIs, and sustainability for social sustainability
objectives. This means that the incorporation of a biogas plant in the supply chain does not cause
social consequences.
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Table 4. Sustainability assessment of crude palm oil supply chain with biogas trapping using POSA framework.
Sust.
Obj.
Headline Performance
Indicator Key Performance Indicator Performance Measures
Ranking
for PM
Overall
Weight
for PM
Score for
KPI
Score for
HPI
Score for
Sust. Obj.
Score for
Overall
Sust.
Env. 1 Natural CapitalConservation
1.1 Climate Change 1.1.1 GHG Emission 4 (2) 0.045
4.00
3.54
(2.94)
3.54
(2.94)
3.59
(3.47)
(2.00)
1.2
Air, Water and Soil
Quality
1.2.1 NOx emission intensity from palmoil mill 5 (5) 0.0393
5.00
(5.00)1.2.2
Biological Oxygen Demand of water
discharged from POME pond 5 (5) 0.0447
1.2.3 Soil Nitrate Level measured throughpH in waterway 5 (5) 0.0444
1.3 Waste Generation 1.3.1 % Biomass waste recovery/recycling 5 (4) 0.045 5.00(4.00)
1.4 Biodiversity
1.4.1 Plantation Practice 2 (2) 0.0463
2.68
(2.68)1.4.2 Land Use 3 (3) 0.0447
1.4.3 Species loss 3 (3) 0.0538
1.5 ResourcesConsumption 1.5.1
Energy (Fossil fuel and biomass)
consumption intensity (Output/Input
energy ratio)
1 (1) 0.0415 1.00(1.00)
Eco.
2
Business
Continuity and
Resiliency
2.1 Productivity efficiency
2.1.1 Plantation yield 5 (5) 0.0476
5.00
(5.00) 4.00
(4.50)
2.88
(3.13)
2.1.2 Mill production efficiency 5 (5) 0.0485
2.2 Business Continuity 2.2.1 Actual Growth Rate 3 (4) 0.0447 3.00(4.00)
3 Sharing ofEconomic Power
3.1 Relative Poverty 3.1.1 Average annual income per worker 2 (2) 0.0452 2.00(2.00)
1.76
(1.76)
3.2
Local community
inclusion and
distribution of wealth
3.2.1 Employment opportunity for the local 2 (2) 0.0471 1.52
(1.52)
3.2.2 Smallholders’ equity 1 (1) 0.0439
Soc.
4 Social Wellbeing 4.1 Meeting EssentialHuman Needs
4.1.1 Workers’ accessibility to water supply 5 (5) 0.0471
5.00
(5.00)
5.00
(5.00)
4.34
(4.34)
4.1.2 Workers’ accessibility to health care 5 (5) 0.0476
4.1.3 Provision of sanitation facilitiesto workers 5 (5) 0.0474
4.1.4 Provision of housing facilitiesto workers 5 (5) 0.046
5 Social Equity 5.1
Local community
empowerment And
engagement
5.1.1 Sharing of information with thelocal community 3 (3) 0.0425
3.68
(3.68)
3.68
(3.68)5.1.2
Fair Partnership and Community
involvement in decision making 3 (3) 0.0433
5.1.3 Level of community acceptance toplantation and mill activities 5 (5) 0.0444
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With the implementation of a biogas trapping system, hotspot of the crude palm oil supply chain in
PM 1.1.1—GHG emission—could potentially be eliminated. Other hotspots (i.e., PM 1.4.1—plantation
practice; PM1.5.2—energy (fossil fuel and biomass) consumption intensity (output/input energy ratio);
PM3.1.1—average annual income per worker; PM3.2.1—employment opportunity for the local; and
PM 3.2.2—smallholders’ equity) would not likely to be improved. Thus, some new strategies could be
considered in the future, such as integrated livestock farming, pesticide and herbicide management,
local skill development, and smallholder’s support program for reducing economic and environmental
hotspots (list few within this bracket in short) and to further reduce the overall sustainability gap.
6. Discussion
Our results show that implementing a biogas trapping system to the most common crude palm oil
supply chain in Malaysia allows the supply chain to reduce the sustainability gap. The results of this
assessment, using the POSA framework, are consistent with findings of others in the literature [20–23],
where GHG emissions were significantly reduced with the introduction of a biogas plant. This
assessment also found improvements in other environmental sustainability indicators, including
biological oxygen demand of the water discharged, percentage biomass waste recovery/recycling, and
energy (fossil fuel and biomass) consumption intensity (output/input energy ratio). The land size
required for waste treatment could also be reduced from 5 hectares to 1.5 hectares (70% reduction). This
reduction in land size, however, is insignificant in making an impact as the land used for plantation,
which is reflected in PM 2.1.1 plantation yield (in tonne FFB per Ha) is much larger compared to this
saving. The results show that the biogas trapping system could cause beneficial repercussions in terms
of enhanced environmental sustainability performances. Whilst overall environmental sustainability
performance improved due to this biogas trapping plant, some other specific environmental impacts
that depend on plant management system, such as plantation practice, land use, and species loss are still
substantial and did not reach the sustainability threshold. This confirms that the sustainability policy,
along with technological improvements are required to achieve significant sustainability improvements
in the supply chain.
PM1.5.1—energy (fossil fuel and biomass) consumption intensity (output/input energy ratio)
remains the hotspot despite the fact that the biogas plant contributes to additional energy output to the
supply chain. While strategies and efforts should be involved in order to reduce fossil fuel consumption
during plantation, milling, and transportation stages, it is worth reviewing the definition of the energy
input in calculating this PM. The current calculation method includes energy input obtained from the
biomass waste generated within the system boundary. It could have been more accurate to consider the
net energy input in the system boundary of the supply chain [44,45], which could have also highlighted
the importance of energy conservation and recovery within the supply chain.
The installation of a biogas trapping system can increase the revenue and net profits of the palm
oil mill of the baseline supply chain. The additional investment is economically feasible as a breakeven
point can be attained in less than 3 years. The additional capital investment due to incorporation
of this biogas trapping system can cause debts, and as the mill was underutilized, it could lead to
a significant deviation of actual growth rate from sustainable growth rate. With current facilities’
capacity and investment, the supply chain could have produced more crude palm oil and palm kernel
for sustainable growth. The shortage of FFB supply due to labor shortage and lower CPO market price,
are some main key possible barriers to increase the growth of sales [46,47].
The introduction of a biogas trapping system does not play a role to combat poverty and wealth
creation, meaning that it does not help increase average annual income per worker, create employment
opportunity for the local people, and increase smallholders’ equity in this case study. However, with
the increase of revenue and profit, the supply chain has greater financial ability to improve the welfare
of its employees. Palm oil mill owners in the supply chain could introduce schemes such as the
employee stock options plan [48] to improve the social security of their employees, which would
reward, retain, and attract local employees. Employee stock options plan offers company shares
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to the employees and thus the employees could own part of the company. They could also benefit
directly through the annual dividend when the company is making a profit. Making the employees
shareholders of the company meets the economic sustainability objective of sharing economic power
through distribution of wealth.
The biogas trapping system does not make any changes to the social sustainability performance.
The perception and level of acceptance of the local community towards the palm oil supply chain is
expected to be more positive by reducing key environmental impacts, and also by eliminating odor
nuisance/pollution.
While the biogas trapping system helps improve the overall sustainability performance of the
crude palm oil supply chain, it cannot totally close the sustainability gap. Other environmental
sustainability issues need to be resolved in terms of further reduction of fossil fuel consumption,
improved plantation practice to reduce the loss of biodiversity, and land usage, initiatives for species
protection, and by further reducing GHG emissions to meet the international target (i.e., 0.15 tonne
CO2eq/tonne CPO, considering Malaysia’s pledge in Copenhagen for a 40% reduction in GHG
emission by 2020 from 2005 level). This holistic framework also demonstrates that there exists large
economic and social sustainability gaps, particularly in sharing economic power and uplifting social
equity, which remain major areas of improvement, despite the efforts that could be made by installing
the biogas trapping system. These economic and social sustainability indicators would require new
administrative strategies and policy changes along the supply chain, e.g., increasing the share of fresh
fruit bunches collected from smallholders, and the practice of community-inclusive policy in decision
making, to make significant improvements.
The incorporation of technological changes in the supply chain modified the system boundary
but it did not affect the sustainability assessment process using the POSA framework. The quantifiable
framework thus demonstrates flexibilities or captures any sort of changes associated with the
incorporation of strategies in the crude palm oil supply chain to enhance the sustainability
performance. Key characteristics of the POSA framework that are generated from this research
are its comprehensiveness, decision making capability, and holistic or multidisciplinary assessment by
examining all indicators of the three sustainability objectives.
7. Conclusions
The paper demonstrates the flexibility of POSA framework to incorporate any improvements into
the existing supply chain of crude palm oil production for sustainability assessment. The incorporation
of a biogas trapping system in palm oil mills for POME treatments as an environmental improvement
strategy, has improved the overall sustainability performance score of a typical crude palm oil
production supply chain in Malaysia from 3.47 out of 5 to 3.59 out of 5. This POSA framework
captured the changes/side effects associated with the incorporation of a biogas trapping system
into the supply chain. Environmental indicators such as GHG emissions, BOD, and waste recovery
were improved due to inclusion/consideration of this environmental improvement strategy but the
performance of actual growth rate decreased.
There still exists a significant gap to achieve a complete sustainability outcome (i.e., 5 out of
5), as the incorporation of one improvement strategy is not enough. This research using the POSA
framework has further identified that biodiversity, wealth distribution, and social equity are some
areas that require a significant level of improvement using relevant improvement strategies to close
this gap. The biogas trapping system would solve part of the problem but achieving sustainability
production of crude palm oil remains a challenge to all stakeholders in the supply chain.
Similarly, other strategies can be incorporated into or trialed in the POSA framework until the
sustainability performance gap becomes very close or equal to zero. This way the framework could
enable policy makers, businesses, and customers in the supply chain to discern right strategies in
attaining sustainable crude oil production in Malaysia.
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This framework is limited to the crude palm oil production, but the system boundary could be
further extended by incorporating the refinery production processes to generate a finished product,
e.g., olein for cooking oil and biodiesel, stearin for margarine and shortening. Besides, the accuracy in
estimating some performance measures could be improved, e.g., species loss could be measured using
scientific methods (e.g., the species–area curve [49]) rather than collective feedback, soil nitrate levels
could be measured directly with a flow injection analyzer [50] rather than through pH in water way.
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Nomenclature
AGR Actual Growth Rate
BGPP Biogas cum Polishing Plant
BOD Biochemical Oxygen Demand
CO2eq Carbon Dioxide Equivalent
COD Chemical Oxygen Demand
CPO Crude Palm Oil
DOE Department of Environment
EFB Empty Fruit Bunches
FFB Fresh Fruit Bunches
GHG Greenhouse Gas
HPI Higher Performance Indicator
KPI Key Performance Indicator
m3 cubic meter
mg/L Milligram per litre
MJ Mega joule
MT/hr Metric tonne per hour
Nm3 Normal Cubic Meter
PM Performance Measure
POME Palm Oil Mill Effluent
POSA Palm Oil Sustainability Assessment
SGR Sustainable Growth Rate
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